Abstract: During the conference entitled Spatial Econometrics and Regional Economic Analyses, which took place in Lodz in 2014, there was a proposition to introduce the spatial coherence property into the Ward method, which is applied to group administrative units [1]. At each stage of agglomeration in the modified Ward method, there are included only those aggregates which are adjacent to each other. This work is an extension of this concept based upon other methods of hierarchical clustering, in particular the single and complete linkage method. The study highlighted the benefits of clustering methods with the coherence property, also emphasizing the limitations of these procedures. First of all, the introduction of the restricting condition during the procedure of the hierarchical clustering reduces the homogeneity of isolated clusters. Spatial constraints may also lead to a situation where the distance between the clusters linked at a later stage is smaller than at an earlier stage (graphically, we can talk about the dendrogram "backflow"). The method of complete linkage is free of these aberration where the distance between the clusters is defined as the maximum distance between their elements. The modified clustering algorithm was implemented as an extension of STATISTICA software. Examples of an application of the hierarchical clustering method with the coherence concern sector changes in the European regional space. The aim of the analysis was to isolate spatially coherent areas that demonstrate a similar direction and intensity of structural change in selected areas of the labour market.
Introduction
Taxonomic methods are related to the most primary cognitive need of human beings, i.e. arranging our surrounding reality into greater order. From this perspective almost every data analysis can be referred to as "taxonomic", however, in terms of statistics, this concept is used with reference to clustering procedures and the ordering of multivariate data. Taxonomic methods are applied by researchers and practitioners representing many scientific disciplines. They are particularly common in the research in the area of social sciences -various classifications of administrative units are very popular with regards to residents' quality of life or level. However, the application of classical procedures for administrative units' clustering most frequently results in territorial divisions that lack integrity, which significantly impedes the interpretation of research outcomes. In practice, the areas featuring territorial integrity are far easier to manage. A certain conception for solving the problem of cluster incoherence for Ward's method was suggested in 2014 at the conference entitled Spatial Econometrics and Regional Economic Analyses held in Łódź (Markowska, Sobolewski, 2014) . In 2016 the analogical modification of k-means algorithm (Sobolewski, Sokołowski, 2016) was proposed at the SKAD [The Section of Classification and Data Analysis of Polish Statistical Association] conference in Bełchatów. The present study discusses the concept of coherent clustering using various hierarchical agglomerative clustering methods. Certain characteristics of adjusted algorithms were indicated and an assessment of the quality of clustering was conducted using modified methods against the results achieved by means of conventional algorithms. Importantly, the suggested methods were implemented as an extension of STATISTICA software, making them available to interested readers for their own practical application. 
Algorithms of hierarchical clustering
Hierarchical clustering methods (and more specifically hierarchical agglomerative clustering, as opposed to division methods) are described in detail in numerous publications (Grabiński, 1992) , therefore the present study touches upon them only very briefly. Basically, the algorithm of hierarchical clustering can be presented in three points: 1. Each object creates a separate cluster in the initial partition. 2. The distances between clusters are determined [in the space of diagnostic variables] using an appropriate "clustering" convention (see Table 1 ).
3. The most adjacent clusters are linked -if their number is greater than 1 we return to point 2.
In the final stage of clustering, one set including all elements is obtained -obviously this result (similarly to the initial situation) is not of particular interest for a researcher. The ultimate division (or alternative divisions) is performed at a certain stage of hierarchical clustering by identifying either an arbitrarily set, or the most distinctive, number of clusters.
The algorithms of hierarchical clustering differ in their method of defining distance between clusters, which in some situations has a significant impact on the research outcomes (Table 1 ). Ward's method is considered the most effective one since it is based on the idea of minimizing the intra-cluster variance and comes as the result of many simulation studies. 
Method
Distance between clusters A and B
Single-linkage clustering
Centroid linkage clustering
The algorithms of hierarchical clustering differ in their method of definin clusters, which in some situations has a significant impact on the research Ward's method is considered the most effective one since it is based on the the intra-cluster variance and comes as the result of many simulation studies. Source: own elaboration It should be emphasized that the clustering results clearly depend on the method for determining the distance between objects in the space of diagnostic variables (Euclidean distance is most frequently applied in this case). Due to size limitations, the presented study discusses the detailed results of conventional clustering and clustering with coherence criteria for two methods: Ward's and complete-linkage clustering methods. It seems that by introducing the coherence criterion to the algorithm of clustering (discussed in more detail in the next point) the impact of the clustering method selection on the obtained results is even larger. Moreover, after introducing the limiting criteria to the algorithm of clustering, the distances between subsequent clusters do not have to follow a non-decreasing sequence.
The introduction of territorial integrity criterion in the clustering procedure
The algorithm of hierarchical clustering with coherence criterion is developed by imposing certain limitations on an original algorithm. In order to present the simplicity of the discussed concept, three stages of clustering with coherence criterion are described below. They differ from the conventional method by the introduction of one condition: 1. In the initial division, each object (administrative unit) creates a separate cluster. 2. The distances between clusters are determined using an appropriate "clustering" convention. 3. The most proximate geographically adjacent clusters are linked -if their number is greater than 1 we return to point 1.
The introduction of coherence criterion to the algorithm of hierarchical clustering (in general terms -the limiting criterion) can result in the phenomenon of dendrogram "fall back". This situation is illustrated in Figure 1 , based on the example of the classification of provinces against the labour market situation in the period 1999-2012. In the course of subsequent clustering stages, Ward's method with coherence criterion was used to link the following provinces: Łódzkie and Opolskie, to be followed by Śląskie. A separate cluster was created by the neighbouring Pomorskie and Śląskie provinces. In the fourth agglomeration stage the dendrogram "regression" was observed -the distance between clusters identified in stage 3 was smaller than in the two previous linkage cases. The reason of such aberration is obvious -Pomorskie province remains very similar to Silesian province with regards to diagnostic variables, whereas their linkage, along with maintaining territorial integrity, was possible only after the complete linkage with Łódzkie and Wielkopolskie provinces.
The complete linkage method is characterized by its resilience to dendrogram "fall back" occurrence, which results from the method of defining distance between clusters as the distance between the two most distant objects.
The description of computer software for clustering with territorial integrity criterion
The methods of coherent hierarchical clustering were implemented as an extension of STATISTICA software. The algorithm of clustering with coherence criterion is relatively complex since at each stage only the adjacent clusters are linked, which requires the spatial relationships of objects to be analysed each time based on the adjacency matrix. After the two clusters are linked, both matrices have to be transformed, i.e. economic distance and adjacency matrices. Figure 2 presents the input window of the software for coherent clustering. The application that was developed allows to: 1) identify the file with adjacency matrix used in clustering; 2) determine the linkage method; 3) specify the type of distance; 4) select the adjacency matrix; 5) define the number of clusters identified based on the conducted analysis (it is possible to provide several values and the divisions corresponding to the provided figures will be saved in the input sheet data in separate columns). If the Dendrogram drawing option is selected, then, prior to determining the number of clusters, the diagram of clustering is displayed, which allows for "interactive" determining of the clusters' number based on its interface.
Proposed procedure as applied to European regional space
The algorithm of hierarchical clustering with coherence criterion was applied in the European Union regions' clustering at NUTS-2 level with regards to unemployment levels in the period 1999-2012. The practical objective of the conducted analysis was to identify the spatially coherent areas characterised by a similar level and direction of changes in the labour market situation to help fight unemployment in the spatially homogeneous EU areas.
The number of analysed units was 269. The clustering of EU regions was conducted based on unemployment rate values in the period 1999-2012, therefore 14 diagnostic variables were analysed. Due to the fact that the range of values of diagnostic variables was comparable, and their measurement was performed using the same units, they were not subject to standardization.
The conducted analysis applied two selected hierarchical clustering methods -Ward's and complete-linkage clustering methods. The distance between objects was determined based on the squared Euclidean distance.
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Eight clusters were identified and their number was determined based on the dendrogram for the conventional Ward's method. To make the comparison of results easy the same number of clusters was used in case of the other applied clustering methods.
The method for determining adjacency matrix used in clustering methods with coherence criterion requires a separate discussion. Based on the digital coordinates of the EU regions (available on the Eurostat website), the matrix of common land borders length between regions was determined. On this basis the adjacency matrix was defined and adjusted to take into account close relationships between regions which do not have common land borders. For the purposes of the analysis the following regions were considered "adjacent": e.g. British and French regions located on both sides of the English Channel, the islands of Sardinia and Corsica with the regions of southern France, Sicily with the regions of southern Italy, and Malta with Sicily. The same was applied to the regions located on both sides of the Danish straits and the Greek islands, forming separate regions. It is generally known that the subject literature on clustering quality measures and the consistency of alternative divisions is abundant. It was decided, however, to apply the popular coefficient of determination in the present study. It is useful in determining the percentage of unemployment rate variability in the EU regional space, which was explained by the division made. The value of the R 2 coefficient presented below is averaged over all diagnostic variables (which, as a reminder, represented unemployment rates in the years 1999-2012).
Ward's method R 2 = 81.7%
Ward's method with territorial integrity R 2 = 63.7% Figure 3 . The results of clustering using the conventional Ward's method and Ward's method with territorial integrity Source: own elaboration Figure 3 presents the clustering results of the European Union regions in terms of unemployment rate, in the years 1999-2012, obtained using the conventional Ward's method and Ward's method with territorial integrity. From the cognitive viewpoint, the spatially consistent results are much easier to describe and to derive practical actions from (obviously, on condition that the division based on territorial integrity remains homogeneous in terms of the identified clusters). The coefficient of determination for the division maintaining territorial integrity is lower from the results of the conventional division (81.7 vs. 63.7%), but the difference is not big. Therefore it seems that the proposal of the division based on territorial integrity has significant practical advantages which cannot be offered by the results achieved based on the conventional Ward's method. The description of clusters identified using the division based on territorial integrity is presented in Table 2 . For example, clusters no. 3 and 7, covering respectively Benelux and the Alpine regions of Germany, Italy and Austria represent areas featuring low unemployment rate in the entire discussed period. Cluster no. 5 covers Spanish and Portuguese regions characterized by a relatively low unemployment rate till the beginning of the financial crisis and the very difficult labour market situation that followed 2008. Extremely high unemployment rates can be observed in two Spanish regions included in cluster no. 8. A different situation occurs in the central and southern parts of Italy (cluster 6), where the unemployment rate was very high at the beginning of the analysed period, it dropped later to go up again to a relatively high level, however, not so drastically as in Spain, as a consequence of the financial crisis. Poland belongs to cluster no. 4 characterised by territorial integrity along with Lithuania, Latvia and Estonia, the regions of eastern Germany and northern Slovakia.
In case of the complete linkage method the division quality defined by the coefficient of determination is 78.5% in the case of a conventional division and 63.3% for the division with territorial integrity. While analyzing the obtained divisions in terms of their substantive usefulness it should be observed that the complete linkage method with territorial integrity resulted in a more diversified division in terms of cluster size (picture 5). On the one hand, the areas particularly affected by the crisis are well separated (Spain, Portugal, southern Italy and Greece), however on the other, two one-element clusters were created (Brussels and Malta). Furthermore, a large part of the European Union was not diversified at all in terms of unemployment rate in the period 1999-2012 (the cluster marked in red covers as many as 185 regions, i.e. more than two thirds of all regions!). 
Conclusions
The modification of the algorithm of hierarchical clustering presented in the study allows obtaining the spatially coherent divisions of administrative units according to the values of diagnostic variables. The suggested algorithm presents an interesting alternative for the conventional clustering methods, however, it should be borne in mind that by introducing the coherence criterion the spatial (territorial) picture of clustering is "improved", but the division distinctiveness in the space of diagnostic variables deteriorates. If, however, the decline in division quality is insignificant, it seems that the division based on territorial integrity is worth suggesting, since such areas are easier to manage.
The study highlights the fact that the distances between clusters linked following coherent clustering are arranged non-monotonically -which was defined as the phenomenon of dendrogram "regression". It was observed, that the complete linkage method remains an exception here.
The discussed tool for coherent clustering can become the subject of interesting generalizations. First of all, the application of other matrices can be noticed, alleviating the criterion of territorial integrity -for example the second degree adjacency, maximum distance criteria. The coherence criterion "fuzziness", by taking the common borders' length into account, also seems a reasonable concept. The links between regions with a longer common border would be preferred if such an approach were to be taken.
